The ␣-aminoadipate pathway for lysine biosynthesis is present only in fungi. The ␣-aminoadipate reductase (AAR) of this pathway catalyzes the conversion of ␣-aminoadipic acid to ␣-aminoadipic-␦-semialdehyde by a complex mechanism involving two gene products, Lys2p and Lys5p. The LYS2 and LYS5 genes encode, respectively, a 155-kDa inactive AAR and a 30-kDa phosphopantetheinyl transferase (PPTase) which transfers a phosphopantetheinyl group from coenzyme A (CoA) to Lys2p for the activation of Lys2p and AAR activity. In the present investigation, we have confirmed the posttranslational activation of the 150-kDa Lys2p of Candida albicans, a pathogenic yeast, in the presence of CoA and C. albicans lys2 mutant (CLD2) extract as a source of PPTase (Lys5p). The recombinant Lys2p or CLD2 mutant extract exhibited no AAR activity with or without CoA. However, the recombinant 150-kDa Lys2p, when incubated with CLD2 extract and CoA, exhibited significant AAR activity compared to that of wild-type C. albicans CAI4 extract. The PPTase in the CLD2 extract was required only for the activation of Lys2p and not for AAR reaction. Site-directed mutational analysis of G882 and S884 of the Lys2p activation domain (LGGHSI) revealed no AAR activity, indicating that these two amino acids are essential for the activation. Replacement of other amino acid residues in the domain resulted in partial or full AAR activity. These results demonstrate the posttranslational activation and the requirement of specific amino acid residues in the activation domain of the AAR of C. albicans.
Two distinct pathways exist in nature for the biosynthesis of the amino acid lysine. The diaminopimelic acid pathway is present in bacteria, lower fungi, and plants (12, 35, 36) . Candida albicans and other higher fungi exclusively use the ␣-aminoadipic acid pathway (3, 10, 33, 36) . A modified ␣-aminoadipic acid pathway has been identified recently in thermophilic bacteria such as Thermus thermophilus (24) . The ␣-aminoadipic acid pathway of yeast and other higher fungi has eight enzyme-catalyzed steps which convert ␣-ketoglutarate and acetyl coenzyme A (acetyl-CoA) to lysine (4, 6, 10, 33) . ␣-Aminoadipic acid is a key intermediate which serves as a common precursor for the biosynthesis of lysine and ␤-lactam antibiotics such as penicillin (3, 14, 22) . The complex ␣-aminoadipate reductase (AAR) reaction requires ␣-aminoadipic acid, ATP, and NADPH to produce ␣-aminoadipate-␦-semialdehyde ( Fig.  1) (10, 18, 29, 32) .
Two unlinked genes, LYS2 and LYS5, of Saccharomyces cerevisiae are required for the complex AAR reaction (5, 31) . Specific functions of the LYS2 and LYS5 genes and their encoded proteins (Lys2p and Lys5p) have not been investigated in detail in any pathogenic fungus. C. albicans, a dimorphic and diploid yeast, is a major opportunistic fungal pathogen of immunocompromised hosts, such as AIDS, cancer, and transplant patients (7, 13, 26, 27) . There is an urgent need to gain knowledge of novel metabolic processes of pathogenic fungi in order to develop rapid and sensitive detection methods as well as specific targets for antifungal drugs. The exclusive nature of the ␣-aminoadipate pathway makes the genes and enzymes of this pathway important targets for detection probes and antifungal drugs (2, 7, 16) .
The presence of the ␣-aminoadipate pathway has been determined in several pathogenic fungi (16) . The open reading frame of the LYS2 gene consists of 4,176 nucleotides (nt) encoding 1,392 amino acid residues in S. cerevisiae (1, 25) , 4,173 nt encoding 1,391 amino acid residues in C. albicans (21, 34) , 4,330 nt encoding 1,409 amino acid residues in Penicillium chrysogenum (11) , and 4,245 nt encoding 1,415 amino acid residues in Schizosaccharomyces pombe (8) . These genes and the encoded approximately 150-kDa proteins exhibit more than 60% identity at the nucleotide level and 55% identity at the amino acid level. Additionally, there exist several highly conserved core sequences and functional domains in the Lys2p which correspond to those in the nonribosomal peptide synthetases such as ␣-aminoadipyl-L-cysteinyl-D-valine synthetase for penicillin biosynthesis (8, 11, 18, 34) . Computer analysis also revealed the presence of a highly conserved phosphopantetheinylation domain (LGGHSI, amino acid residues 880 to 885) in Lys2p (34) . The LYS5 gene (816 nt encoding 272 amino acid residues) of S. cerevisiae does not contain any of the functional domains for the catalytic activity of AAR (23) . The phosphopantetheinylation domain plays an important role for the posttranslational activation of several enzymes, including polyketide synthase, nonribosomal peptide synthase, and siderophore synthase (17, 19, 20, 28) . However, such posttranslational activation of an amino acid biosynthetic enzyme is highly unusual. Ehmann et al. (15) demonstrated that the LYS2 gene of S. cerevisiae encodes an apo-Lys2p (inactive AAR), which in the presence of CoA and the LYS5 geneencoded phosphopantetheinyl transferase (PPTase) is activated as the holo-Lys2p (active AAR) (Fig. 1A) . The PPTase transfers the 4Ј-phosphopantetheinyl group from CoA to the serine 880 residue of the posttranslational phosphopantetheinylation (activation) domain of Lys2p for AAR activity (Fig.  1B) . We hypothesize that the obligatory requirement for the posttranslational activation of AAR is widespread in organisms, including pathogenic fungi which employ the ␣-aminoadipic acid pathway for the biosynthesis of lysine. We report here for the first time heterologous expression in Escherichia coli and characterization of the recombinant C. albicans Lys2p, posttranslational activation of apo-Lys2p by CoA-mediated phosphopantetheinylation to the holo-Lys2p (active AAR), and the site-directed mutational analysis of the amino acid residues in the activation domain of Lys2p.
MATERIALS AND METHODS
Organisms and media. The organisms and plasmids used in this study are listed in Table 1 . C. albicans was grown at 30°C in yeast extract-peptone-dextrose (YEPD) medium (2% peptone, 2% dextrose, 1% yeast extract). Escherichia coli was grown at 37°C in Luria-Bertani (LB) medium containing ampicillin (100 g/ml) and chloramphenicol (34 g/ml) when appropriate.
Molecular biology techniques. Plasmid isolation, restriction analysis, DNA ligations, PCR amplification, sequencing, and E. coli transformations were done as described by Sambrook et al. (30) or according to manufacturers' instructions.
Construction of recombinant pCaLYS2SE1. The C. albicans LYS2 open reading frame was amplified from pBS-CaLYS2 using the primers 5Ј-ATTCCGGA TCCACTGACTTTTGGTTGAATTA-3Ј and 5Ј-CCCTTCGAATTTTGGCAT CTGAACCTCGTG-3Ј. The primers introduced BamHI and BstBI restriction sites (underlined) into the amplified product. The amplified product was digested with BamHI and BstBI and then ligated into the similarly digested and purified pRSETA expression vector (Invitrogen, Carlsbad, Calif.) to generate the C. albicans LYS2 recombinant plasmid pCaLYS2SE1. This plasmid was used for the expression, posttranslational (in vitro) activation, and site-directed mutational analysis of Lys2p.
Expression and characterization of Lys2p. E. coli BL21(DE3) pLysS transformants with pCaLYS2SE1 were grown in 500 ml of LB medium to an optical density at 600 nm of 0.6 and were induced with 1 mM IPTG (isopropyl-␤-Dthiogalactopyranoside) for 3 h at 28°C. The cells were harvested and resuspended in sonication buffer (20 mM NaH 2 PO 4 , 500 mM NaCl, pH 8.0) and were sonicated with a HeatSystems-Ultrasonics W-225 sonicator. The supernatant was passed through a ProBond resin column (Invitrogen) and washed sequentially with sonication buffer, washing buffer (20 mM NaH 2 PO 4 , 500 mM NaCl, 10% glycerol, pH 6.0), washing buffer with 10 mM imidazole, and washing buffer with 50 mM imidazole. (30) and were used in the activation and AAR assay. Site-directed mutagenesis. Point mutations for each of the conserved amino acid residues in the activation domain of C. albicans Lys2p (Fig. 2) were generated using the QuickChange mutagenesis kit (Stratagene, La Jolla, Calif.) as per manufacturer's instructions. The amino acid changes (9) were made in Lys2p using appropriate PCR primers (unmutagenized control primer 5Ј-CTT CGATTTAGGAGGTCACTCTATTTTGGGTACCAGAATATTTAC-3Ј; mutant primers provided upon request). The mutated plasmid was transformed into E. coli XLI Blue Supercompetent cells, and the mutation was verified by sequence determination using an ABI Prism 310 (Applied Biosystems, Foster City, Calif.). Control and mutant plasmids were transformed into E. coli BL21(DE3) pLysS cells and induced with IPTG. Lysate and purified proteins were analyzed by SDS-PAGE and were used for the coupled activation and AAR assay.
In vitro activation and AAR assay. The activation of Lys2p and its AAR activity were measured using a previously described assay (16, 34) . The AAR reaction mixture contained 12.5 mM DL-␣-aminoadipate, 15 mM ATP, 10 mM MgCl 2 , 1 mM reduced glutathione, 0.625 mM ␤-NADPH, and 250 mM Tris, pH 8.0. One milligram of C. albicans CAI4 cell extract or 50 to 100 g of recombinant Lys2p was added to the reaction mixture. Reactions lacking ␣-aminoadipate were used as negative controls. A reaction containing wild-type C. albicans CAI4 cell extract was used as a positive control. For the coupled activation and AAR assay, recombinant Lys2p, C. albicans CLD2 extract, and 200 M CoA were mixed and then added to the AAR reaction mixture listed above without any other protein addition and incubated at 30°C for 1 h, and the reaction product was determined at A 460 .
RESULTS
Expression and characterization of the C. albicans Lys2p. On SDS-PAGE, E. coli BL21(pCaLYS2SE1) lysate and His tag column-purified proteins showed a 150-kDa protein band which was not present in E. coli BL21(pRSETA) lysate (data not shown). The other visible protein bands were common between E. coli BL21(pRSETA) and E. coli BL21(pCaLYS2SE1) lysates and purified proteins.
Posttranslational activation of the C. albicans Lys2p. Cell extract from C. albicans wild-type strain CAI4 exhibited full (A 460 , 2.2; 100%) AAR activity. The recombinant Lys2p exhibited no AAR activity (Fig. 3) . However, in the coupled activation and AAR assay (recombinant Lys2p, CLD2 extract, and CoA mixed with the AAR reagents), significant AAR activity was observed in the presence of 20 M CoA, and the activity increased close to 90% of C. albicans CAI4 with increasing amounts of CoA (Fig. 3) . The activity was also dependent on the concentration of Lys2p. The C. albicans CLD2 is a double gene disrupted lys2 deletion mutant (7), which serves as the source of the LYS5-encoded PPTase for the activation of Lys2p. The CLD2 extract or recombinant Lys2p individually showed no significant AAR activity even in the presence of 40 M CoA. The difference of AAR activity in the CAI4 extract, with or without CoA, was not considered significant. AcetylCoA, benzoyl-CoA, and phenylacetyl-CoA each gave high AAR activity when substituted for CoA (results not shown). These results demonstrate that the cloned C. albicans LYS2 gene produces an inactive AAR which, in the presence of CoA as the phosphopantetheine donor and CLD2 extract as the source of the LYS5 encoded PPTase, becomes active AAR for the catalysis of the complex AAR reaction in vitro. C. albicans Lys2p also exhibited significant AAR activity when CLD2 extract was replaced by S. cerevisiae SR36 lys2 mutant extract as the source of a heterologous PPTase (result not shown). This observation confirms our published in vivo result that S. cerevisiae SR36 lys2 mutant, when transformed with pCaLYS2, exhibits a high level of AAR activity (34) . It is important to note that the Lys2p expressed in E. coli BL21 cells was not activated by the E. coli PPTase in the presence of intracellular CoA. These observations suggest that the C. albicans Lys2p is specifically activated by C. albicans and S. cerevisiae extracts but not by E. coli PPTases.
Requirement of Lys5p only for the activation of Lys2p. An experiment was designed to determine whether Lys5p is required only for the activation of Lys2p or for both activation and the AAR reaction (Fig. 1) 
FIG. 3. Posttranslational (in vitro) activation of the C. albicans
Lys2p and AAR activity. AAR activity (A 460 as the measure of ␣-aminoadipic-␦-semialdehyde formation) in the C. albicans CAI4 (wildtype) extract without CoA addition was used as 100%. C. albicans CLD2 (lys2 double knockout mutant) extract served as the source of Lys5p (PPTase), pCaLYS2SE1-expressed purified protein was used as Lys2p, and the effect of increasing concentrations of CoA on the activation of Lys2p (Lys2p and CLD2 extract incubated with CoA and AAR reagents) was shown. CLD2 extract and Lys2p with or without CoA served as negative controls. incubated for activation in the presence of 500 M CoA and 1 mg of C. albicans CLD2 extract as the source of Lys5p. After 1 h of incubation, Lys2p was repurified using a ProBond resin column, examined by SDS-PAGE, and used in the AAR assay. Repurified activated Lys2p exhibited the predicted 150-kDa protein band upon SDS-PAGE. This band also was present following repurification of Lys2p alone and in the activation reaction mixture prior to repurification but not present in the CLD2 extract (Fig. 4) . This reaction mixture had many protein bands from the CLD2 extract. Column-purified CLD2 extract showed no protein band which could form a complex with Lys2p. Activated and repurified Lys2p also exhibited full AAR activity, without further addition of CLD2 extract or CoA, compared to CAI4 extract as the positive control ( Table 2 ). The addition of CLD2 extract or CoA showed no significantly higher AAR activity, and inactivated Lys2p showed no AAR activity. The results of the SDS-PAGE clearly demonstrate that no aggregate was formed between Lys2p and Lys5p from the CLD2 extract during the activation and that Lys5p in the CLD2 extract is required only for the activation of Lys2p and not for the catalytic activity of AAR.
Site-directed mutational analysis of the amino acid residues in the activation domain of C. albicans Lys2p. Prior to the mutagenesis experiments, the nucleotide sequence of the activation domain region was determined from pCaLYS2SE1 and C. albicans genomic DNA. The conserved amino acid residues in the posttranslational activation domain were found to be LGGHSI and not LGSHSI as reported previously (34) . Substitutions of each amino acid residue in the highly conserved activation domain (Fig. 2) were generated by changing a single nucleotide for each amino acid in the recombinant plasmid. Each mutant recombinant Lys2p showed a 150-kDa band on SDS-PAGE (results not shown). In the coupled activation and AAR assay, two different mutations changing serine 884 to alanine and to phenylalanine exhibited no AAR activity (Table  3) . Similarly, two different changes of glycine 882 to serine and to arginine resulted in little or no AAR activity. Changing histidine 883 to arginine showed very little AAR activity; however, the change of histidine to glutamine showed significant activity. The change of glycine 881 to glutamic acid and the change of isoleucine 885 to leucine resulted in less than 50% AAR activity. The substitution of leucine 880 to valine and phenylalanine as well as changes in the flanking amino acid residues, aspartic acid 879 to asparagine and leucine 886 to valine, also showed no significant effect on AAR activity. The mutagenic procedure had no effect on pCaLYS2SE1, which was used as a control.
DISCUSSION
␣-Aminoadipic acid serves as a common precursor for the biosynthesis of the secondary metabolite penicillin and the primary metabolite lysine. The first committed reaction catalyzed by AAR in the second half of the pathway for the bio- synthesis of lysine is a highly complex one (Fig. 1) . The LYS2 gene, mapped on chromosome II, and the LYS5 gene, mapped on chromosome VII, of S. cerevisiae are required for the AAR reaction. Mutants in either of these two genes lack AAR activity (31) . Two genes (lys1 ϩ and lys7 ϩ ) also have been identified for this reaction in S. pombe (37) . A homology search has revealed the presence of several highly conserved functional domains in Lys2p (substrate ␣-aminoadipate binding domain, ATP binding domain, dehydrogenation domain, and novel adenylation domains) required for the catalytic activity of AAR (18, 34) . None of these catalytic domains are present in the LYS5-encoded protein of S. cerevisiae.
The specific function of the phosphopantetheinylation domain, LGGHSI (residues 880 to 885), in Lys2p (34) and the LYS5 gene in the AAR reaction is the focus of the present investigation. The phosphopantetheinylation reaction is catalyzed by a phosphopantetheinyl transferase which transfers a 4Ј-phosphopantetheine group from CoA to a specific serine residue of the posttranslational activation domain (15, 20) . Such posttranslational activation by phosphopantetheinylation is highly unusual for an amino acid biosynthesis enzyme like the AAR. The results presented in this report clearly demonstrate that the recombinant 150-kDa Lys2p of C. albicans is completely inactive for the catalysis of the AAR reaction. This inactive Lys2p is activated in vitro in the presence of CoA as the source of the phosphopantetheine group and C. albicans CLD2 extract as the source of the LYS5-encoded PPTase (activation reaction) (Fig. 1A) . The fact that CLD2 (7) extract activated the recombinant Lys2p is strong evidence for the existence and requirement of a LYS5-encoded PPTase in C. albicans. Our results also show that the PPTase in the CLD2 extract is required for the activation of Lys2p and not for its AAR activity. In the wild-type C. albicans or S. cerevisiae, Lys2p is phosphopantetheinylated in vivo by the LYS5-encoded PPTase in the presence of intracellular CoA. The lys5 mutant of S. cerevisiae and the equifunctional lys7 mutant of S. pombe do not exhibit any AAR activity. Since the LYS2 gene and its equifunctional lys1 ϩ gene encode the inactive AAR, the lys5 mutant and the lys7 mutant lack the PPTase for the activation of AAR. The lack of AAR activity in these mutants also indicates that there is no other PPTase in yeast for the activation of Lys2p and that the PPTase is highly specific for the posttranslational activation of Lys2p.
The site-directed mutational analysis of the amino acid residues in the highly conserved phosphopantetheinylation domain of the C. albicans Lys2p demonstrates that the serine 884 residue is an absolute requirement for the activation of Lys2p. The glycine 882 residue is also very important for the activation of Lys2p compared to other amino acids in this domain (Table  3) . It is important to note that the replacement of serine 562 in the activation domain of the phenylalanine-activating tyrocidine synthase (TycA) to alanine and glycine reduced the activity to 30% of the wild-type level (17) . These authors did not report results of mutational analysis of other amino acid residues in the activation domain. Since the replacement of serine 884 in the Lys2p to alanine and phenylalanine reduced the AAR activity to 0% of the wild-type level, the function of the serine residue in the activation of AAR is highly specific and most significant. The results reported here represent for the first time complete mutational analysis of all amino acid residues in the activation domain of any Lys2p.
C. albicans is an important opportunistic fungal pathogen. LYS2 is a large gene with multiple functional domains. The LYS2 and LYS5 gene functions are unique in fungi compared to animals and humans. Therefore, the ␣-aminoadipic acid pathway could be considered as a model for investigation in other pathogenic fungi and to target its unique genes and enzymes for molecular (PCR) detection of fungal pathogens and antifungal drugs (2, 3, 34) .
